Ten replicates of two littermate gilts were used during a 21-d lactation in order to calculate relationships between milk nutrient intake and piglet growth rate and composition of gain. Gilts were fed 14.2 or 10.4 Mcal ME/d and litter size was standardized to 9 or 10 piglets. Piglets had no access to creep feed. Milk production was measured on 10 sucklings over 12 h on d 1, 5, 9, 13, 17 and 21 by the weigh-suckle-weigh method. Heat production of the piglets was measured (RQ method) on the same days in a confinement chamber. Milk composition was determined on the days following milk production measurements. Four to ten piglets/litter were slaughtered at weaning and their body composition was determined. Milk nutrient production during part of lactation was related closely to piglet weight gain and body weight (R 2 = .80 to .96). Milk DM, energy and N output over the entire lactation were predicted from piglet ADG (R 2 = .87 to .90) when, for each litter, the difference between energy in piglet daily weight gain measured by the slaughter technique and energy in piglet daily weight gain estimated by the RQ method was included in the model. This variable corrects for milk production measurement errors. The relationships were slightly improved, especially for energy output, when the composition of piglet weight gain was taken into account (R 2 = .93 to .97).
Introduction
The determination of nutrient requirements of lactating females requires quantification of milk nutrient output. This is especially difficult with sows because oxytocin release is necessary for milk ejection. Methods for estimating sow milk production based on the measurement of litter weight gain during suckling (weigh-suckle-weigh technique; Salmon- Legagneur, 1956; Speer and Cox, 1984) or on milking of the sows after oxytocin injection (Van Spaendonck, 1972) have been used, but these techniques are time-consuming and require care to be reliable. More recently, milk consumption has been measured by using IThe authors gratefully acknowledge G. L. Cromwell (Univ. of Kentucky), R. C. Ewan (Iowa State Univ.) and J. E. Pettigrew (Univ. of Minnesota) for critical evaluation of the manuscript.
2Station de Recherches Porcines, Saint-Gilles. Received October 11, 1988 . Accepted April 25, 1989 deuterium oxide as a tracer to estimate the body water turnover in nursing foals (Doreau and Dussap, 1980) and piglets (Pettigrew et al., 1985) . This method appears to be more accurate than the weigh-suckle-weigh technique, but due to the rapid turnover of body water, it must be repeated during lactation (Schoenherr et al., 1989 ). An alternative method based on the relationship between growth rate of the piglets and milk intake measured through the weighsuckle-weigh technique also has been tested. Results obtained to date suggest that litter growth provides a limited estimate of sow milk production (Lewis et al., 1978) . The present study was undertaken to evaluate the relationships between milk nutrient intake and growth rate and body composition of piglets.
Materials and Methods
Ten replicates of two littermate Large White gilts were used during a 22-d lactation experiment. After farrowing, they were fed a 3352 high or a low energy level (14.2 or 10.4 Mcal ME/d). Details concerning diet composition and feeding methods were given previously (Noblet and Etienne, 1986) . Litter size was standardized to 9 or 10 piglets on the day following farrowing. Piglets had no access to creep feed.
Milk Production and Composition. Daily milk production was determined according to the weigh-suckle-weigh technique on d 1, 5, 9, 13, 17 and 21 of lactation. The farrowing day was considered as d 0. Ten suckling sessions were measured with 72-min intervals between sessions. An electronic balance 3 equipped with an integration system (precision: 1 g; maximum weight: 60 kg) was used. In order to avoid errors in milk yield estimation, piglets were encouraged to urinate and defecate a few minutes before weighings, and the litter weight gain during the sucklings was corrected for the weight losses due to water evaporation and metabolism between weighings (Noblet and Etienne, 1986) . The values observed at the two first sucklings generally were lower than those noted at subsequent sucklings and, therefore, were considered as an adaptation period for the animals (Speer and Cox, 1984) . The last eight measurements were used to calculate daily milk production.
On the morning of the days following measurements of milk production, the piglets were separated from the dam after suckling. About 70 min later, the gilts were injected with 10 IU oxytocin and hand-milked. All functional glands were milked, and the amount collected was nearly equal to the mean milk consumption of the piglets during one suckling on the previous day. Samples, stored at -20"C, subsequently were analyzed for DM and N (macro-Kjeldahl). Energy content was determined in an adiabatic bomb calorimeter on 5-g milk samples freeze-dried in small polyethylene bags.
Measurements on the Piglets. In addition to the weighings for milk production, piglets also were weighed at birth and on the morning of d 22 after a 2-h fast.
On the days of measurements of milk intake, oxygen consumption (02) and carbon dioxide production (CO2) of the piglets were measured every two sucklings during the 3Model PKt0, Mettles Instruments) Greifeas~, Swilzesland. intervals between suckling sessions on a group of 3 to 10 littermate piglets. Each piglet was measured at least twice each day. They were kept in a confinement chamber whose temperature decreased regularly from 29"C at d 1 to 25"C at d 21 so that the climatic conditions were similar to those of the litter with the dam. Each measurement started 5 to 10 min after suckling and lasted 50 to 55 min. Details for gas exchange measurements and calculations were given earlier (Noblet and Etienne, 1987a,b) .
At weaning, 4 to 10 representative piglets in each litter were killed by chloroform asphyxia. A total of 127 piglets were slaughtered. The digestive tract was emptied and put back with the carcass. The piglets were frozen prior to mincing and homogenization. Representative samples of the carcasses were freeze-dried and analyzed for DM, N (macro-Kjeldahl) and energy (adiabatic bomb calorimeter).
Calculations and Statistical Analysis. Calculations were made over 21 d of lactation, between d 1 and d 21. Milk DM, GE and N output over the 21-d lactation were calculated with the assumption that milk production and composition changed linearly between the successive measurements. Variation of milk production and composition according to lactation stage was detailed by Noblet and Etienne (1986) . Milk production increased curvilinearly from 3.65 kg at d 1 to 8.33 kg at d 21. Milk DM, N and GE contents decreased between d 1 and d 13 (from 21.2%, 10.5% and 1,364 cal/g at d 1 to 18.1%, 7.1% and 1,163 cal/g at d 13 for DM, N and GE, respectively) and then remained constant. Details of the calculation of body composition of unslaughtered littermate piglets were described by Noblet and Etienne (1987b) . Energy and N deposition between birth and weaning were calculated for each liver assuming that energy and N content at birth were 860 cal/g and 18.4 g/kg, respectively (Noblet and Etienne, 1987b) . A second estimate of litter energy retention (ERRQ) was obtained by subtracting heat production (calculated from gas exchanges; RQ method; Noblet and Le Dividich, 1981) from ME intake as milk (equivalent to energy intake as milk x .95; Jordan and Brown, 1970) . All data then were calculated per piglet to adjust for litter size. The difference between the two estimates of energy retention is referred to as AER.
Two sets of milk nutrient data were calculated. One was the milk daily nutrient output calculated over each lactation subperiod: d 1 to 5, d 5 to 9, d 9 to 13, d 13 to 17 and d 17 to 21 and combinations of these subperiods. They were related to piglet daily gain during the same period by linear regression and also to piglet BW at the beginning of the sub-period by linear multiple regression (Snedecor and Cochran, 1967) .
The second set of data was the mean daily dry matter (DML), energy (EL) and nitrogen (N L) output over the 21-d lactation. Linear multiple regressions between milk nutrient output and piglet gain and composition were calculated. AER also was tested as an additional variable in these analyses. The effect of sow energy level was included in the regression model, but it was never significant (P > .10).
Results and Discussion
Means and range of the criteria taken into account in the calculations are presented in Tables 1 and 2 . Changes in piglet BW and ADG and of milk N and energy consumed per unit of piglet gain during lactation are presented in Figure 1 . Energy consumed/kg weight gain increased during the first part of lactation and then remained constant, whereas N intake/kg gain was fairly constant during the entire lactation period. Van Kempen et al. (1985) also found that energy needed for weight gain increased from d 7 to d 14 and from d 18 to d 25 of lactation. Results in the literature generally relate litter daily gain or litter weight at weaning to milk production, but not to milk nutrient output. In the present experiment, piglets consumed 3.7 g of milk/g weight gain (Table 2 , 718 gd195 g). This ratio is similar to the 4.0:1 measured previously by Lucas and Lodge (1961) , to the 3.6:1 measured by Salmon-Legagneur and Auma~tre (1962) during the first 3 wk of lactation, or to the 3.7: 1 as mean ratio during a 3-wk lactation found by White and Campbell (1984) . Because the water content of piglet gain is lower during the last part of lactation than at the beginning, higher values were obtained during the last part of lactation: 4.5:1 between d 14 and d 21 (Lewis et al., 1978) or 4.5:1 as a mean during the last 18 d of a 25-d lactation according to Van Kempen et al. (1985) .
Equations for estimating milk production, milk DM, energy and N output during short periods of a 21-d lactation are given in Table  3 . Calculations were made in order to estimate these parameters during each of the subperiods separating the successive milk production measurements and combinations of these sub-periods. But only results concerning the whole lactation, the periods from d 1 to d 5 and from d 5 to d 21, are presented because the precision was equivalent to that obtained for shorter periods. During the first 5 d of lactation, milk nutrient output was estimated with a high accuracy, with piglet mean daily gain between birth and d 5 as the only variable. The other relationships included piglet weight gain during the period and initial BW. The precision of these equations was rather good (.81 < R 2 < .97) and could be used to estimate sow milk nutrient output during particular periods of lactation or milk nutrient intake of piglets that die between birth and weaning.
The calculations for estimating mean daily milk nutrient output over the whole lactation are presented for milk DM (Table 4) . As measured in the present experiment, milk DM production was correlated well with ADG of the piglets (equation 1, R 2 = .68). The addition of energy composition ofpiglet weight gain as a supplementary variable improved the accuracy of the model (equation 2, R 2 = .75). Moreover, the introduction of AER in these two models further improved the precision of the estimate (equations 3 and 4, R 2 = .87 and .96, respectively).
The difference between determination of energy content of piglet weight gain directly by carcass analysis, which can be considered the better estimate, and indirectly by the estimation of metabolic utilization of milk energy is AER. The second method involves the measurements of milk energy consumption and heat production. Because heat production CDifference of daily piglet energy retention between the measurement by the slaughter technique and the estimation by the RQ method (.95 x milk energy intake -heat production). weight at the beginning of the was estimated accurately (Noblet and Etienne, 1987b) , variation in AER is related mainly to the errors associated with the measurement of milk energy consumption. Taking AER into account may partly correct these errors, as confu'med by the improved precision of the model used. The mean of AER was 18 kcal 9 piglet-l.d -1 (i.e., 2% of the mean piglet daily energy intake only), but varied greatly among litters (-101 to +120 kcal .piglet-q-d-l) . This means that, in this experiment, energy output was correctly measured on average, but there were large differences among sows in the accuracy of the measurements. Because AER cannot be evaluated in most experiments, the last step of the calculation was to adjust for each sow the measured values of DML for difference between measured AER and mean AER in order to relate DM intake values corrected for the imprecision of the weighsuckle-weigh method with ADG (equation 5) and energy content of piglet gain (equation 6).
Milk energy and N output during a 21-d lactation were estimated similarly to milk DM. Relationships obtained between energy or N output and piglet weight gain were accurate (68.1% and 63.5% for determination coefficient, respectively). But, as for DM, introduction of AER as a supplementary variable improved the precision of the estimation of energy as well as N. For that reason, only the equations in which AER has been replaced by its value are given in Table 5 (equations 7 and 9). The relationships between energy or nitrogen milk output corrected for AER and piglet mean daily weight gain are illustrated in Figure 2 . For both nutrients, accuracy was increased when piglet gain composition was taken into account in addition to daily weight gain (equations 8 and 10). But the improvement was more evident with energy than with N. In the case of energy, this may be because more energy was required per unit of weight gain as lactation proceeded (Figure 1) and because of the high correlation between fat content of milk and of piglet gain (Noblet and Etienne, 1986) . The lower improvement for milk N estimation due to piglet gain composition can be related to the close relationship between piglet weight gain and protein accretion and to the constant efficiency of milk N for weight gain over a 21-d lactation (Noblet and Etienne, 1987b) .
Finally, close relationships between piglet daily energy or N retention and milk energy or N intake corrected for AER were obtained (Table 6 ).
The part of the variance of milk nutrient output explained by piglet weight gain during a 3-wk lactation (87 to 90%) is higher than values reported in literature (54%, SalmonLegagneur, 1958; 34%, Allen and Lasley, 1960; 76%, Salmon-Legagneur and Aumaitre, 1962 ; 18%, Hemsworth et al., 1976 ; 34%, bADG, piglet average daily gain (g); AER, energy in daily piglet weight gain measured by the slaughter technique minus energy in piglet daily gain estimated by the RQ method (kcal); EG, energy in piglet weight gain (kcal/g).
CDetermination coefficient.
dResidual standard deviation. Lewis et al., 1978) . In addition to the introduction of AER in the regression equations, two other factors may contribute to the greater accuracy of the prediction equations. The first factor is linked to the technique used. The milk measurements were repeated at steady and shorter intervals than in previously reported estimations: 1/4 d, vs 1 d/wk (Salmon-Legagneur, 1958; Allen and Lasley, 1960; Salmon-Legagneur and Auma3tre, 1962) or less (at 5 and 21 d of lactation, Hemsworth et al., 1976; at 14 and 20 d, Lewis et al., 1978) . The last 8 of 10 determinations were used each day of measurement for calculation, whereas six determinations/d were used by Salmon-Legagneur and Aumaitre (1962) , White and Campbell (1984) and Van Kempen et al. (1985) or four/d by Allen and Lasley (1960) and Hemsworth et al. (1976) . The number of determinations required for an accurate estimation of milk production is important. According to Mahan et al. (1971) , an estimate based on eight hourly measurements provides an adequate measure of daily milk production. Speer and Cox (1984) suggested that hourly measurements during 5 h and omission of the two first determinations should be adequate in sows, but that a greater number of measurements is necessary with gilts. When omitting the first two measurements, our results show also that milk production estimation based on the five subsequent measurements generally is not improved by additional measurements. But with some gilts, more measurements are necessary, perhaps because these animals need to be adapted to the weigh-suckle-weigh technique or to the duration of the intervals between sucklings. Moreover, the balance used was more precise than those in the preceding experiments and the integration system was adapted to weigh moving animals. Water metabolic bADG, piglet average daily gain (g); EG, energy in piglet weight gain (kcal/g); N G, nitrogen in piglet weight gain (%).
CDeterminadon coefficient.
dResidual standard deviation. losses, which amounted to 210 mg-kg -.75 9 min -1 (Noblet and Etienne, 1986) , were taken into account in the milk production calculation. Finally, few piglets that urinated when put with the dam were weighed again to correct initial litter weight. A second factor that may contribute to the greater accuracy of the predicting equations lies in the fact that variations in milk composition, especially lipid and energy content, occur with sow diet (Salmon-Legagneur, 1964) or level of food intake (Van Kempen et ai., 1985) . In this experiment, gilts fed the high energy level produced more milk with a lower DM, fat and energy content than the restricted females (Noblet and Etienne, 1986) . This resulted in piglets that suckled different quanti- ties of milk but obtained similar amounts of nutrients in the two groups. Relationships between piglet gain and nutrient intake should be more adequate than with milk intake because weight gain is related linearly to deposition of protein, fat, ash and energy (Noblet and Etienne, 1987b) . Moreover, deposition of 1 g of protein in piglets is associated with 5.2 g of weight gain, whereas deposition of 1 g of lipid corresponds to 1 g of weight gain (Noblet and Etienne, 1987b) . For the same amount of milk suckled, variation of the milk DM content or of the protein:lipid ratio then may explain piglet differences in weight gain.
Implications
Equations presented in this paper provide accurate predictions of sow milk DM, energy and N from litter BW gain (R 2 > .88). In the case of nutritional factors that might affect composition of piglet gain (mainly fat), the prediction can be improved by the determination of chemical composition of some representative piglets of the litter. The regression equations obtained can be applied in experiments in which milk nutrients produced by the sow or ingested by the piglets need to be measured. In addition, the equations may be useful in assessing nutrient requirements of lactating sows and for using milk production as a selection index.
